The cytoplasmic domains of the membrane-bound immunoglobulin ␥ and ⑀ chains appear to mediate internalization of antigen-immunoglobulin complexes, which allows efficient presentation of cognate antigen at the B-cell surface.
Four recent papers [5] [6] [7] [8] have now provided important clues about the molecular mechanisms that govern memory responses in the antibody system. All four papers focus on the antigen receptor expressed at the B-cell surface after 'switch' recombination has changed the isotype of the immunoglobulin heavy chains made by the B cell from to ␥ or ⑀. These receptors differ from those made by naive B cells, which have heavy chains, in that the membrane-bound ␥ and ⑀ chains have longer cytoplasmic domains that are highly conserved. By expressing truncated immunoglobulin heavy chains, in which the cytoplasmic domains had been deleted, Kaisho et al. [5] , Achatz et al. [6] , Weiser et al. [7] and Knight et al. [8] have shown that these cytoplasmic domains are essential for normal immune responses.
Like the more complex T-cell receptor, the B-cell receptor is composed of a ligand-binding immunoglobulin molecule, comprising two heavy and two light chains, which is non-covalently associated with cytoplasmic subunits that act as signal transducers (Fig. 1) . The signal transducing component of the B-cell receptor is a disulfide-linked heterodimer of two immunoglobulin-family proteins, Ig␣ and Ig␤. Neither Ig␣ nor Ig␤ has any enzymatic activity, but both have conserved docking sites known as 'immune receptor tyrosine activation motifs' (ITAMs) for non-receptor tyrosine kinases in their cytoplasmic tails. Crosslinking the B-cell receptor results both in ITAM-dependent recruitment of Src and Syk tyrosine kinases, and in cellular activation.
It is now understood that the B-cell receptor regulates three central features of immune system function. First, it acts as a checkpoint regulator in B-cell development, controlling both allelic exclusion -whereby the successful expression of one immunoglobulin gene prevents expression of the other allele -and early cellular transitions. B cells that fail to make membrane-bound immunoglobulin do not show allelic exclusion or complete B-cell development, and they die in the bone marrow. These early developmental transitions are controlled in an antigen-independent manner by Ig␣ and Ig␤, via a mechanism that requires ITAM-dependent tyrosine phosphorylation. Second, as predicted by the clonal selection theory, crosslinking the B-cell receptor with antigen can lead to clonal expansion and the production of specific antibodies.
The third function of membrane-bound immunoglobulin is as a receptor for antigen capture and presentation. Circulating antigens are captured by the B-cell receptor, internalized, and processed into peptides which are bound by class II molecules of the major histocompatibility complex (MHC). The complex of peptide bound to MHC is then presented to cognate T cells, which further elaborate the immune response. The molecular mechanisms that govern antigen presentation by the B-cell receptor are distinct from those that govern B-cell activation or antigen-independent B-cell development. Although the tyrosines in the Ig␣ and Ig␤ ITAMs are essential, their phosphorylation may not be required, and the tyrosines may simply be part of a motif similar to the tetrapeptide sequence NPXY which has been shown to mediate internalization of the low-density lipoprotein receptor [9] .
Antigen capture and presentation by B cells is thought to be particularly important in secondary immune responses. The pool of antigen-specific B cells that participate in memory responses are selected and clonally expanded during the primary response. Thus, there are more B cells with highaffinity receptors for specific antigen available for antigen capture during secondary responses, and these memory B cells appear to be particularly efficient at presenting antigens. The question of why memory B cells should be particularly good at responding to and presenting antigens has been a difficult one for immunologists, in part because these cells have been hard to identify and purify.
There are few good molecular markers for memory B cells, and these cells can only be reliably identified by two criteria. First, memory B cells frequently carry somatic mutations in their immunoglobulin genes. These mutations are produced by an unknown mechanism during clonal expansion in response to antigen in germinal centers. Clones of B cells that express high-affinity antigen receptors as a result of somatic mutation are positively selected and expanded, whereas B cells that make inactive or self-reactive receptors are eliminated. The second reliable criterion for distinguishing memory B cells is their expression of secondary heavy-chain isotypes, such as ␥, ␣, and ⑀. Like somatic mutation, switching from the primary () to secondary isotypes occurs in germinal centers, and is mediated by a mechanism that remains to be defined molecularly [10] .
To determine whether the conserved cytoplasmic domains of the ␥ and ⑀ heavy chains are essential for memory B cells to respond to antigen, Kaisho et al. [5] and Achatz et al. [6] performed gene-targeting experiments in mice. Both groups made two types of mutation: first, complete deletion of the tail and transmembrane region; and second, a deletion of the cytoplasmic tail in which only three charged, membrane-proximal cytoplasmic anchor residues are retained. In the case of membrane-bound heavy chain, these charged membrane anchor residues are essential to keep the protein in the membrane, but they appear to contribute little to signal transduction [11] . To minimize interference with switch recombination and immunoglobulin gene expression, the neo gene in the targeting constructs was deleted from the targeting site by Cre-loxP mediated recombination.
In both groups' experiments, the effects were most pronounced when the transmembrane region and tail were completely deleted -this led to an absence of cells expressing surface immunoglobulin G1 and E, and a dramatic reduction in both primary and secondary serum immunoglobulin G1 and E responses. These results are most readily understood as a failure of clonal expansion, as the cells that carried the switched isotypes had no surface receptors for positive selection by antigen. Selective deletion of the cytoplasmic domains of ␥1 and ⑀ chains, in contrast, should not interfere with the production of membrane-anchored heavy chains, or the association of the membrane-bound ␥1 or ⑀ chains with Ig␣-Ig␤ heterodimers. The cytoplasmic tail deletion should not, therefore, interfere with B-cell receptor mediated positive or negative selection.
Both groups found, however, that deletion of the cytoplasmic domains of ␥1 or ⑀ heavy chains resulted in a substantial reduction in the number of B cells expressing surface immunoglobulin G1 or E, and a marked decrease in serum immunoglobulin G1 or E, respectively. With the ␥1 tail deletion, primary immunoglobulin G1 responses were one order of magnitude below the control level; and with the ⑀ tail deletion, immunoglobulin E responses were 50% of the control level. In addition, there was a failure of affinity maturation of the antibody response with the ␥1 tail deletion, and the number of antigen-specific '␥1 memory' B cells was decreased 25-fold. Thus, the conserved cytoplasmic tails of the ␥ and ⑀ heavy chains are essential for normal immune responses and for expansion and maintenance of immunoglobulin G1-bearing or Ebearing memory cells. But what is the connection between these cytoplasmic tails and B-cell memory responses?
The question of how the cytoplasmic domains of immunoglobulin might contribute to immune responses and B cell memory was addressed by Weiser et al. [7] and Knight et al. [8] . Weiser et al. [7] transfected a 1 light-chain-expressing B-cell lymphoma line with the gene for a ␥2a heavy chain specific for 5-iodo-4-hydroxy-3-nitrophenyl-acetyl (NIP), and assayed the transfected cells for presentation of a NIPlinked ovalbumin epitope to cognate T cells. They found that efficient antigen presentation required the cytoplasmic tail of the ␥2a chain. Mutation analysis revealed that the PDYXXM motif that is conserved in the longer immunoglobulin cytoplasmic domains was essential for the antigen-presentation activity. Like the NPXY motif in the low-density lipoprotein receptor [9] , the PDYXXM motif was required for internalization of the ␥2a chain and antigen presentation. Knight et al. [8] obtained similar results using the ␥1 heavy chain specific for tetanus toxoid. Thus, the function of the tail is to enhance the efficiency of antigen internalization and processing.
The results reported in these new papers [5] [6] [7] [8] reveal a new connection between the tails of immunoglobulin antigen receptors, efficient antigen internalization and immunologic memory. This connection is an important first step towards understanding the molecular basis for memory B-cell responses.
